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NavAb Structure as a Template to Rationalize Experimental Data on
Nav1.4 Block by Mu-Conotoxins
Vyacheslav S. Korkosh1, Boris S. Zhorov1,2, Denis B. Tikhonov1.
1Sechenov Institute, RAS, St. Petersburg, Russian Federation, 2McMaster
University, Hamilton, ON, Canada.
In crystallographic structures of NavAb and other bacterial sodium channels
the P-loop domain contains P2 helices, which are absent in potassium chan-
nels. Here we asked whether these structures can advance understanding of
experimental data accumulated for eukaryotic sodium channels. Using pub-
lished experimental data on interactions of mu-conotoxins with Nav1.X
channels, we docked GIIIA, PIIIA and KIIIA in the NavAb-based model
of Nav1.4. Docking of GIIIA was based on specific channel-toxin contacts
described in published experimental studies. Importantly, these specific con-
tacts were readily reproduced in our computations with Monte Carlo-energy
minimizations without modifications of the template backbone geometry.
Computed energies of specific interactions correlated with experimental
estimations. Predicted orientation of the GIIIA was used to dock PIIIA
and KIIIA. The obtained toxin-channel complexes are consistent with muta-
tional data and voltage-dependence of toxin action. Particularly, tetrodotoxin
can pass between Nav1.4 and the channel-bound KIIIA to reach its binding
site in the selectivity filter. KIIIA and some GIIIA and PIIIA mutants are
known to incompletely block the current. To understand this phenomenon,
we Monte Carlo-minimized the energy of toxin-channel complexes from
many starting points with randomly placed sodium ions and superimposed
low-energy structures to visualize constellations of the ions. Uninterrupted
pathways of sodium ions between the extracellular space and the selectivity
filter where seen only when at least one outer carboxylate was not salt-
bridged to the toxin. A good correlation was found between the modeling
results and experimental data on complete and incomplete channel block
by the native and mutant toxins. Thus, the NavAb structure advances under-
standing of permeation and block of eukaryotic sodium channels. Our study
suggests similar folding of the outer-pore region in eukaryotic and prokary-
otic sodium channels. Supported by RFBR-13-04-00724 to DBT and NSERC
to BSZ.
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Effects of the Protonation States of the EEEE Motif of a Bacterial
NaD-Channel on Conduction and Pore Structure
Carmen Domene1, Simone Furini2.
1University of Oxford, Oxford, United Kingdom, 2University of Siena, Siena,
Italy.
A distinctive feature of prokaryotic Naþ-channels is the presence of four gluta-
mate residues in their selectivity filter. How the structure of the selectivity filter
and the free-energy profile of a permeating Naþ ion are altered by the proton-
ation state of Glu177 residues in the NaVAb channel have been the focus of this
study. It was found that protonation of a single glutamate residue is sufficient to
modify the behavior of the selectivity filter. Molecular dynamics simulations
reveal that the side chain of glutamates can adopt at least two orientations de-
pending on the protonation state. The likelihood of a conformation where
Glu177 points toward the inside of the selectivity filter is correlated with an en-
ergy barrier for ion translocation between the intracellular and extracellular
sides of the channel. This energetic barrier precludes Naþ ions to permeate
the selectivity filter of prokaryotic Naþ-channels with protonated glutamates
by a mechanism described for channels with four charged glutamates.
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Structure of a Prokaryotic Sodium Channel Pore Reveals Essential Gating
Elements and an Outer Ion Binding Site Common to Eukaryotic Channels
Cristina Arrigoni1, David Shaya1, Felix Findeisen1, Fayal Abdermane-Ali2,
Gildas Loussouarn3, Daniel L. Minor1.
1Cardiovascular Research Institute, Depts. of Biochem. and Biophysics &
Cell. and Molec. Pharmacolog, UCSF, San Francisco, CA, USA, 2Centre
National de la Recherche Scientifique, UMR 6291, l’institut du thorax,
L’UNAM, Universite´ de Nantes, Nantes, France, Nantes, France, 3Centre
National de la Recherche Scientifique, UMR 6291, l’institut du thorax,
L’UNAM, Universite´ de Nantes, Nantes, France.
Voltage-gated sodium channels (NaVs) are central elements of cellular excita-
tion. Notwithstanding advances from recent bacterial NaV (BacNaV) structures,
key questions about gating and ion selectivity remain. Here, we present a closed
conformation of NaVAe1p, a pore only BacNaV derived from NaVAe1, a
BacNaV from the arsenite oxidizer Alkalilimnicola ehrlichei found in Mono
Lake, California, that provides insight into both fundamental properties. Thestructure reveals a pore domain in which the pore-lining S6 helix connects to
a helical cytoplasmic tail. Electrophysiological studies of full-length BacNaVs
show that two elements defined by the NaVAe1p structure, an S6 activation gate
position and the cytoplasmic tail ‘neck’, are central to BacNaV gating. The
structure also reveals the selectivity filter ion entry site, termed the ‘outer
ion’ site. Comparison with mammalian voltage gated calcium channel (CaV)
selectivity filters, together with functional studies shows that this site forms a
previously unknown determinant of CaV high affinity calcium binding. Our
findings underscore commonalities between BacNaVs and eukaryotic voltage
gated channels and provide a framework for understanding gating and ion
permeation in this superfamily.
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Uncovering the Links Between Conformational Flexibility and Function
for a Bacterial Voltage-Gated Sodium Channel
Ce´line Boiteux1, Igor Vorobyov2, Toby W. Allen1,2.
1School of Applied Sciences & Health Innovations Research Institute, RMIT
University, Melbourne, Australia, 2Chemistry, UC Davis, Davis, CA, USA.
Voltage-gated sodium channels play essential roles in electrical signaling in the
nervous system and are key pharmacological targets for a range of disorders.
We have carried out fully-atomistic simulations on the multi-microsecond
timescale to investigate sodium channel function. These simulations have pro-
duced complete unbiased free energy maps that reveal complex multi-ion con-
duction mechanisms for sodium (as well as potassium and calcium ions). They
have also uncovered a surprising level of conformational flexibility of the chan-
nel, including concerted movements of the selectivity filter’s EEEE ring
sequence side chains, and significant changes in pore domain structure as a
function of glutamate protonation states. We have observed asymmetrical rear-
rangements of the activation gate, resembling previously proposed inactivated
structures, as well as helix bending involving residues critical for slow inacti-
vation. We report how these structural changes regulate access to lipid-facing
fenestrations and the binding of the local anesthetic and anticonvulsant drugs
phenytoin and benzocaine, providing new insight into the molecular mecha-
nisms of sodium channel inhibition.
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Structural Modeling of Toxin Interactions with the Human Voltage-Gated
Sodium Channel Pore
PhuongT.Nguyen1, JonT. Sack2, TobyW.Allen3,VladimirYarov-Yarovoy2.
1Biophysics Graduate Group, University of California, Davis, Davis, CA,
USA, 2Department of Physiology and Membrane Biology, University of
California, Davis, Davis, CA, USA, 3RMIT University, Melbourne,
Australia.
Voltage-gated sodium (Nav) channel subtypes are targets for the development
of novel analgesics. We are constraining structural models of human Nav sub-
types, as the lack of high-resolution structures of channels makes rational drug
design challenging. The human Nav1.4 channel is associated with paralysis and
human Nav1.7 channel plays an important role in pain signaling. We used the
bacterial Nav channel NavRh (pdb id: 4DXW) as a template to generate homol-
ogy/de novo models of human Nav1.4 and Nav1.7 channel pore-forming do-
mains. Due to significant sequence differences between human and bacterial
Nav channels in the P2 helix region of the selectivity filter, we predicted the
structure of these regions de novo using Rosetta loop modeling methods. We
simulated interactions of human Nav1.4 and Nav1.7 channels with pore block-
ing toxins - tetrodotoxin, saxitoxin, and m-conotoxin KIIIA - using Rosetta
methods and molecular dynamics in an all-atom explicit membrane environ-
ment. Virtual alanine scans of key residues forming toxin receptor sites within
human Nav1.4 and Nav1.7 channel pore-forming domains showed good corre-
lation with available experimental data. High-resolution structural models of
the human Nav channels provide critical starting points for design of novel
analgesics.
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Finding the Route of Entry and Binding Site of Local Anaesthetics in
Bacterial Voltage Gated Sodium Channels Using Molecular Dynamics
Simulation
Lewis Martin, Ben Corry.
Research School of Biology, Australian National University, Canberra,
Australia.
Voltage-gated sodium channels are proteins in cell membranes that initiate
action potentials in neurons. Dysfunctional sodium channels are implicated
in diseases such as chronic pain, epilepsy and cardiac arrhythmia, which are
often treated by sodium channel blockers such as the family of local anaes-
thetics. These blockers can have adverse side-effects by blocking healthy
channel subtypes, so researchers have strived to understand their mechanism
of action to help design new, subtype-specific drugs. While there is no atomic
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ber of crystal structures of related, bacterial voltage-gated sodium channel in
the last 2 years has offered the opportunity to explore the mechanism of entry
and location of binding sodium channel blockers. Here, molecular dynamics
simulations were used to determine the binding site of two channel blockers,
benzocaine and phenytoin in the bacterial channel NavAb. We find that that
binding involves nonspecific hydrophobic interaction in the channel lumen,
relate this to measured binding affinities and speculate how sequence differ-
ences in this region could alter the affinity for anaesthetics. We also show
the feasibility of drug entry from the membrane via the lateral fenestrations.
By calculating the free energy for this process we show that these fenestrations
are likely to represent the long postulated hydrophobic route of entry leading
to tonic block of resting channels. While there are many differences between
bacterial and human sodium channels, these results provide a first step in
understanding the mechanism of action of local anaesthetics and can aid the
rational search for subtype-specific drugs for use in mammalian sodium
channels.
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A Novel Gating Mechanism of the NaVMs Selectivity Filter Suggested by
Molecular Dynamics Simulations
Song Ke, Anna Stary-Weinzinger.
University of Vienna, Vienna, Austria.
Rapid and selective ion transport is essential for the generation and regulation
of electrical signaling pathways in living organisms. Here, we use molecular
dynamics (MD) simulations with applied membrane potential to investigate
the ion flux of bacterial sodium channel NaVMs (Mccusker et al., 2012).
4-microsecond simulations with 500mM NaCl suggest different mechanisms
for inward and outward flux.
The predicted inward conductance rate of ~26 pS agrees with experiment (~33
pS, Ulmschneider et al., 2013). The estimated outward conductance rate is 14
pS, which is considerably slower. The mean ion dwell time of the selectivity
filter is prolonged from 14.850.8 ns to 21.451.1 ns. Analysis of the Naþ dis-
tribution revealed distinct patterns for influx and efflux events.
During influx, site-HFS (High Field Strength) (Payandeh et al., 2012) is the
dominant site with highest ion density. Ions are directly coordinated by
GLU53 and SER54 sidechains in an off-axis manner. Site-CEN and Site-IN
are less populated. In contrast to site-HFS, ions are distributed in the middle
of the selectivity filter.
The distribution of the outward current displays a different pattern: site-CEN
and site-IN are instantaneously occupied with Naþ, while site HFS is populated
less frequently.
Examining the structural fluctuation of the trajectories suggests subtle differences
at the selectivity filter. Translocation of ions from cytoplasma to periplasma
induces structural changes of the GLU53 sidechains from an out-facing to a
lumen-facing conformation. Thereby, it slows down the flux rate by creating a
narrower constriction ‘‘mouth’’. During influx this residue remains rigid and
potentially energetically more favorable for ion passage. We hypothesize that
these structural changes at the selectivity filter glutamic acids represent a novel
gating mechanism decreasing outward current.
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Congruent Pattern of Accessibility within the Pore of a Voltage-Gated
NaD Channel
Kevin Oelstrom, Baron Chanda.
Neuroscience, University of Wisconsin-Madison, Madison, WI, USA.
Voltage-gated ion channels open a gate in response to membrane depolariza-
tion which allows ions to pass through the transmembrane pore of the channel.
MTSET accessibility studies within the Shaker potassium channel revealed
that Kþ permeation is controlled by an intracellular gate, whereas Cd2þ and
Agþ accessibility measurements in the cyclic nucleotide-gated channel sug-
gests that this process occurs at the selectivity filter. Modification data of
cysteine residues introduced into the DIV S6 of a fast-inactivation removed
voltage-gated sodium channel (VGSC) by MTSET indicate that sodium chan-
nel gating is also regulated by an intracellular gate. However, unlike the
Shaker potassium channel, VGSCs are not composed of four identical sub-
units. Despite sequence similarity between each S6 helix, the multi-domain
nature of VGSCs implies that there may be asymmetry within the pore that
may have consequences in regard to channel gating. Thus, we sought to deter-
mine if analogous positions within the S6 helices of a VGSC act together to
form an intracellular gate which occludes the pore while channels are closed.
We scanned the MTSET accessibility of substituted cysteines in the pore lin-
ing helices of the first three domains (DI-DIII) in the rat skeletal muscle
sodium channel. The modification data at these sites, selected on the basis
of sequence alignment and MTSET accessibility data of DIV-S6, confirmsthat DII and DIII follow the same pattern of accessibility as that of DIV; how-
ever, the extent of block is quite varied across each domain. Along with DI
accessibility data, these findings will be discussed in the context of pore gating
in related voltage-gated ion channels.
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Catalysis and Selectivity of NaD Permeation in Bacterial Sodium Channel
NaVAb
Christopher Ing1,2, Nilmadhab Chakrabarti1, Jian Payandeh3, Ning Zheng3,4,
William A. Catterall3, Re´gis Pome`s1,2.
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Canada, 2Department of Biochemistry, University of Toronto, Toronto, ON,
Canada, 3Department of Pharmacology, University of Washington, Seattle,
WA, USA, 4Howard Hughes Medical Institute, Seattle, WA, USA.
The determination of a high-resolution 3D structure of voltage-gated sodium
channel NaVAb opens the way to elucidating the mechanism of ion conduc-
tance and selectivity. To examine the selective permeation of Naþ over Kþ
through the selectivity filter of the channel, we performed large-scale molecular
dynamics simulations of NaVAb in an explicit, hydrated lipid bilayer at 0mV
successively in 150mM NaCl, 150mM KCl, and a combination of both, for a
total simulation time of more than 70 microseconds. Although the cytoplasmic
end of the pore is closed, reversible influx and efflux of Naþ and Kþ through the
selectivity filter occurred spontaneously during simulations, leading to equilib-
rium movement of these cations between the extracellular medium and the cen-
tral cavity of the channel. Analysis of Naþ dynamics reveals a knock-on
mechanism of ion permeation characterized by alternating occupancy of the
channel by 2 and 3 Naþ ions, with a computed rate of translocation of
(651)  106 ions per second that is consistent with expectations from electro-
physiological studies. The binding of Naþ is intimately coupled to conforma-
tional isomerization of the four E177 side chains lining the extracellular end
of the selectivity filter. The reciprocal coordination of variable numbers of
Naþ ions and carboxylate groups leads to their condensation into ionic clusters
of variable charge and spatial arrangement. By stabilizing multiple ionic occu-
pancy states while helping Naþ ions diffuse within the selectivity filter, the
conformational flexibility of E177 side chains underpins the knock-on mecha-
nism of Naþ permeation. Kþ also forms ionic complexes with E177 but, con-
trary to Naþ, Kþ ions pass through the selectivity filter in single file. The
analysis of competitive binding of Naþ and Kþ in mixed-cation simulations
provides detailed mechanistic insight into the molecular basis of ion selectivity
in NaVAb.
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The Origins of Ion Selectivity in a Bacterial Sodium Channel Revealed by
mS-Long Simulations
Celine Boiteux1, Igor Vorobyov2, Toby W. Allen1,2.
1Health Innovations Research Institute, RMIT University, Melbourne, VIC,
Australia, 2Department of Chemistry, University of California, Davis, Davis,
CA, USA.
The recent solution of X-ray structures for the bacterial channel NavAb has
provided the first opportunity to study functional mechanisms of voltage-
gated sodium channels at the atomic level. NavAb is reminiscent of voltage
gated Kþ channels but present a wider selectivity filter, lined by the side
chains of 4 glutamates, usually indicative of a Ca2þ - selective mammalian
channel. Despite this contradiction, nominal selectivity of Naþ over Ca2þ
is observed experimentally, and has been proposed to arise from the ability
of the channel to accommodate and efficiently conduct a specific number
of charges, while the difference between Naþ and Kþ is generally attributed
to the stronger affinity of carboxylate oxygens for smaller ions (high field
strength). We carry out multi-ms fully-atomistic simulations, using the
purpose-built Anton supercomputer, to extract representative conformations
for all occupancy states of the pore and carry out Free Energy Perturbation
calculations to determine the relative free energies of Naþ, Kþ and Ca2þ
throughout the selectivity filter. We then explore the movements of multiple
ions on the multi-ms timescale to construct unbiased free energy landscapes
for conduction for each of the 3 ionic species. Our simulations provide
new understanding of the fundamental interactions governing selective ion
conduction in sodium channels.
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Characterizing NaD/KD Permeation Rates through the Bacterial NavAb
Sodium Channel
Leticia Stock1, Vincenzo Carnevale2, Werner Treptow1, Michael L. Klein2.
1Universidade de Brasilia, Brasilia, Brazil, 2Temple University, Philadelphia,
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The NavAb crystal structure displays a wider selectivity filter (SF) compared
to the one observed in the well characterized Kþ channels, therefore raising
